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ABSTRACT

FIl ow and mechani cal characterization tests are used to evaluate a | ow
density epoxy grout for potential use as a bul khead seal material in the
SPR Weeks Island Service Shaft. The grout is required to float on crude
oil, spread around nunerous oil wthdrawal pipes in the shaft,

conpl etely cover the crude oil surface, and cure to forma structurally
stabl e plug unto which non-buoyant grout material may be added. A
series of conpleted bench scale flow tests and a quarter scale
sinmulation of the Service Shaft are descri bed. The interfacial shear
strength of the |ow density epoxy grout on steel and salt was tested at
various cure times and interface conditions--dry and oily. The tensile
strength and nodulus of the epoxy grout was tested at various cure
tines. Test results are conpared to material requirenents to qualify
the |low density epoxy grout for use in the underground shaft and
potentially the two raisebores at Weks Island. Quality control tests
and a perneability verification test are developed as part of a

construction specification for the grout.
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1.0 I NTRODUCTI ON

The Strategic Petrol eum Reserve was created to reduce the vulnerability
of the United States to interruptions by foreign oil suppliers.
Approxi mately 670 million barrels of crude oil are presently stored
underground in salt domes at six sites located along the @ulf of Mexico
Mbst of the crude oil is stored in |eached caverns, but at Weks [sland,

Loui siana, an underground mine was converted for use

Concrete bul kheads installed in the underground nine accesses, which

i nclude shafts and raisebores, isolate the oil-filled underground
workings from the overlying facility drifts. Figure 1-1 shows the
underground facility and location of the bul khead seals. Under neat h,

two |levels of roomand pillar workings at elevations of 500 and 700 ft

store approxinmately 72 nillion barrels of crude oil. Recent bul khead
i nspections showed some cracking of the concrete. As a result,
structural design analyses were perforned (Blanford, et al., 1990). The

anal yses conservatively assumed | oading under a mine flooding scenario.
As a result of the inspections and updated design anal yses, the bul khead
seals in Raisebores No. 1 and 2 and the Service Shaft require renedi al
wor k. Figure | -2 shows the bul khead seal in the Service Shaft. The
bul khead seals in the 6 ft dianeter raisebores are simlar, but |ack the

oil withdrawal pipes.

Because of the inherent risk and high costs associated with conventiona
m ning and concrete placenent in the shafts and rai sebores, the use of a
| ow density epoxy grout was investigated. The grout material would be
punped down (60 - 70 ft) through the existing bul kheads to the crude oi

level, where it would float and harden to forma plug onto which nore
grout could be added. Additional grouts and cements would then fill the
shaft up to the existing bul khead level, resulting in a nmuch nore
massi ve bul khead seal than currently exists. In conparison to
conventional mning techniques, this procedure for upgrading the shaft's
seal capability is considerably |ess expensive, reduces the
vul nerability of a crude oil spill during the upgrade, and worker safety

is inproved. Conventional practices would require a mined opening to



access the underside of each bul khead, the construction of supports and
forms, and placement of concrete. Because the bul khead seals are
temporarily bypassed, they would be useless should flooding occur during
t he upgrade. Also, work crews would be operating over several hundred
feet of crude oil.

The initial layer(s) of epoxy grout must be capable of floating on crude
oi |l and spreading around multiple pipes within the Service Shaft to form
a structurally stable plug. This epoxy is known as the "low density"
fornulation, and the material requirenents are discussed in Chapter 2.

Addi tional epoxy grout and cement used in the overlying lifts will be
denser, non-buoyant materials with inproved sealing characteristics and
less costly to manufacture. These materials are referred to as "high
density" in this report.

The | ow density epoxy grout nust be carefully formulated and well
characterized because 0il drawdown could be jeopardized if it were to
sink or if the plug it forms were to leak the high density grout. The
primary oil withdrawal sunp is located directly beneath the work area at
the bottom of the shaft. The ability of the plug material to float on
crude and spread anmong the oil w thdrawal pipes of the Service Shaft are
tested by the flow experiments described in Chapter 3.

The grout plug nust structurally support the weight of the high density
grout lift, and the grout is expected to bond to the steel pipes and
salt wall rock of the shaft. Bonding to the salt and steel will not
only stabilize the plug structure, but will also elimnate interfacia
flow between the overlying heavy grout and crude oil. The mechani cal
strength of the grout and its bond to salt and steel are quantified by
the mechanical strength tests described in Chapter 4.

Chapter 5 concludes the report and discusses quality control and
verification tests to assure that the low density epoxy plug wll
perform in the mine as intended. A construction specification is
devel oped in the Appendix which details procedures for qualifying a
grout for use, handling and quality control tests, pouring the plug, and
testing the plug for |eakage
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2.0 MATERI AL REQUI REMENTS

The primary function of the |low density epoxy grout plug is to retain
the high density grout pour until it hardens. To acconplish this, the
grout material and the plug that it fornms nust exhibit certain
characteristics. In this chapter, general requirenments, and |ater nore
specific requirements, are defined

The | ow density epoxy grout nmaterial and the plug that it forns nust
meet the follow ng general requirenents.

1. The initially placed grout must float on the crude oil which has a
density of approximtely 55 1b/ft3.

2. The grout nust spread across the oil surface to cover the entire
surface area of oil in the shaft or raisebore. The 6 ft dia
rai sebores are snaller than the Service Shaft and do not contain any
pi pi ng. Therefore spreading is nore easily acconplished in the
rai sebores than in the Service Shaft. The Service Shaft is 10 ft by
12 ft rectangular with 21 steel pipes descending through the
exi sting bul khead to a sunp at the bottomof the mne fromwhere the
oil is withdrawn. The nunbers and dianeters of piping are: one 24
in, thirteen 18 in, one 12 in, and one 6 in. These conpri se
approxi mately 24 percent of the cross-sectional area of the shaft

(see Figure |-2).

3. The grout plug must contain the high density grout pour. The pl ug
nmust have a low perneability to the high density grout and be able
to structurally support it. In order to contain the high density
grout pour, the plug should bond to the steel pipes and salt. No
significant cracks should develop either along interfaces or within
the grout after curing. During curing the grout will generate heat
and later it will cool to anbient tenperature. As a result of
thermal expansion and contraction, cracks may devel op. The oi
level is not expected to fluctuate during curing of the plug, hence

the plug must sustain only the weight of the i mediate overlying



grout lift as buoyancy forces will balance the weight of the |ow
density pl ug. The grout plug will tend to bend, and the bond
interfaces with salt and pipes will tend to shear under [ oading

4, Materials added to the shaft must not interfere with the oil
wi thdrawal capability of the facility. Chemical interactions,
dissolution, or segregation of the grout or its conponents nust not
result in pieces of material that could sink to the sunmp and
interfere with drawdown. Chunks of floating material are al so
prohibited as they may interfere with drawdown in its final stages
when the oil surface is near sump level. The grout nust not corrode

the steel withdrawal pipes of the Service Shaft.

5. Grout nust be available at reasonable costs and the placenent
capability (mxing and punping) comrercially and readily avail abl e.
No unsafe or hazardous conditions or events should arise fromthe

use or placenent of the grout naterial

In consideration of the above general requirenents, nore detailed
requi rements evol ved. These are listed in Table 2-1 and later in the

Contract Specification provided as an Appendix to this report.

The strength requirenents of the grout and its bond to salt and stee

were derived from three engineering calculations. The first calculation
assumed that the only bonding to occur will be with the wall of the
Service Shaft. Knowing the circunference of the shaft wall (44 ft) and
the estimated wei ght of the overlying epoxy (95 1b/ft3), and lift size
(1 ft), the required shear strength of the bond to salt was cal cul ated
at approximately 2 psi. The second calculation assumed bonding with the
pipes only with a total pipe perineter of 79 ft. The required shear
strength of the bond to steel was calculated as approximtely 1 psi. | f
bonding were to both the steel pipes and salt wall, the required shear

strength of the bond would be much less than 1 psi



Table 2-1

Grout Material Requirements

10.

11.

G out can be mxed, punped, and delivered down to the oil surface
wi thout altering the characteristics which qualified it for use.

Grout shall have a specific gravity that is less than 45 1b/ft3.

Grout shall not be affected by the crude oil. Resin, filler or
aggregate, or any other conmponent of the grout shall not separate
fromthe grout and sink into crude oil. Crude oil shall not

destabilize the mx and cause any material to sink into the crude
oil.

Gout shall have a fluidity that allows it to spread across the
surface of the crude oil fromthe injection point(s) and flow
around all vertical pipes in the Service Shaft, self-level, and
conpletely cover the entire oil surface.

G out shall harden within 24 hrs of the pour and be ready to accept
the next grout (low or high density) pour.

G out shall develop a mininum shear bond strength to salt and steel
of 10 psi 24 hrs after mxing for both clean dry and oil coated
interface conditions.

Gout shall develop a minimumtensile strength of 10 psi 24 hrs
after mxing.

Gout shall not shrink nore than 1.0 percent in a 24 hr period or
devel op any cracks.

G out shall be formul ated such that "runaway" or uncontrolled
reactions do not occur.

G out shall not cause tenperature of crude oil to exceed 150°F due
to heat released from the epoxy.

Grout parts or packages shall have a shelf life of at |least two
weeks from date of nmanufacture.

In addition to the above material requirements, the grout plug itself

nmust

pass a perneability test as described in Attachment 4.02 to the

Appendi x.




The third engineering cal cul ati on exam ned bendi ng stresses of the epoxy
grout plug. The plug was assuned to freely deform across the 12 ft
shaft span, when in reality the span will be nmuch less due to the
piping. The same 1 ft lift load (95 1b/ft3) was applied to the plug to
determine a mininmnumrequired tensile strength of 5 psi for the grout.
No credit was taken for any buoyancy forces that will act on the

underside of the plug.

The above engineering calculations, although conservative in the
assunptions nmade, do not incorporate a safety factor. Therefore, for
purposes of this report, the required strength of the |ow density epoxy
grout and its bond to either salt or steel is 10 psi. A safety factor
is also incorporated into the density requirenment (< 45 1b/ft3).
Because of potential uncertainties and variations in grout density, the
maxi mum al | owabl e density is 10 lb/ft3 |less than the expected density of
the crude oil (55 1lb/ft3).

A low density epoxy grout potentially capable of neeting all of the
above requirements was formulated by WI-Cor, Inc., of Pasadena, Texas,
and procured for testing. The material is a two part proprietary
formulation naned "Arnor Plate Utra Low Density Epoxy Gout 1000." The
sane basic fornulation of |ow density epoxy grout was used in all the
experinents; however, the relative percentages of ingredients were
varied over the tinme that these experinments took place. The flow tests

are discussed in Chapter 3 and the mechanical tests in Chapter 4.



3.0 FLOW CHARACTERIZATION EXPERIMENTS

Lab or bench scale experiments are discussed in Section 3.1 followed by
the quarter scale pretests in Section 3.2, and the quarter scale
simulati on of the Service Shaft in Section 3.3. Wthin each section

the purpose, procedures, and results of the test are discussed

3.1 Bench Scale Tests

3.1.1 Purpose of Bench Scale Tests

Two series of lab scale experiments were perforned. The first series
used a small batch of grout to test for floatation and chem cal
interaction with oil and water at different tenperatures. These
experiments were the first assessnent of the material characteristics

and hence are considered as prelimnary.

The second series was nore conprehensive and the scale slightly larger
(approx. 6 in). The ability to float, self-level, and not interact wth
crude oil were examined along with the ability to cover an area

contai ning pipes.

3.1.2 Bench Scale Test Procedures

The first series or prelimnary experinments were perfornmed at both room
tenperature and at elevated tenperature (85°F). The epoxy was fl oated
on water, vacuum oil, and crude oil and visually exanm ned for evidence
of dissolution or chemcal interaction one day and one week after the
start of the experiments. The epoxy was introduced by hand into 3.5 in

petri di shes.

The second series of tests and their purposes are described in Table
3-1. The tests were performed at the expected mine tenperature (80°F)
in 6 in dia beakers. The steel piping in Test 3 consisted of 15 3/4-in
and 5 1/4-in dia pipes. The epoxy was nixed by hand as shown in Figure
3-1 and then poured into a Cento (Figure 3-2) which injected the epoxy



onto the crude oil through a 1/4 in dia outlet at constant pressure.
Figure 3-3 shows a typical experinmental setup with the Cento positioned
over the crude oil filled beaker on a scale. The Cento was used to

inject the grout into the crude oil.

Table 3-1
Description of Bench Scale Flow Tests

Test Nane Test Procedure
1 Fl oat/ Precipitates Fl oat epoxy on crude over water and
observe precipitates, if any, in water.
I nspect sanple for dissolution. Sanpl e

shoul d be buoyant not touching edge of
beaker if possible.

2 Level i ng Slow y introduce epoxy onto crude at
edge of beaker and observe ability to
spread and self-1evel.

3 Viscosity Sane as Test 2 except beaker contains
piping scaled down and spaced to
represent layout in Service Shaft.

3.1.3 Bench Scale Test Results

Results fromthe prelimnary first series experinents were encouraging.
The epoxy floated and did not appear to interact with the crude. The
density of the epoxy was measured at 44.2 1b/ft3. Spreadi ng of the
sanples on crude resulted in the thickness of the specinmen at
approxi mately one-fifth the dianeter. Temperature differences did not
result in any notable differences. El ectron nicroscope scans of a
fractured surface of the grout at |ow and high magnification are shown
in Figures 3-4 and 3-5. The epoxy resin and distribution of particle
sizes are evident in the scans. Particle sizes ranged from

approximately 0.05 to 0.3 nmm

The results for Tests 1 through 3 of the second series were videotaped
on February 18, 1991 (Gravning, 1991a). The early time results (5 mn

10



after pour) of the three tests are shown in Figures 3-6 through 3-10.
The epoxy in the floatation test floated and spread with no apparent
reaction, either chemical or mechanical, with the crude. The epoxy for
the leveling test spread and leveled to a constant thickness of
approxi mately one-half inch. Approxi mately the sane anmount of epoxy
used in the leveling test was used in the viscosity test. The epoxy
spread and filled around the pipes to eventually cover all surface area
The epoxy layer in the viscosity test |leveled across the top, but the
layer thins in confined areas such as between the glass and the pipes.
The m ni mum t hi ckness was approximately 50 percent of the overal
average thickness.

In all three of the tests, the epoxies cured and hardened on the crude
oil. Figures 3-11 and 3-12 show the results of the three tests 90 mn
after mixing. The epoxy layers were hardened and bonded to the sides of
the glass beakers. For the viscosity test, the epoxy also bonded to the
al unmi num pi pi ng. In flowing and curing, the epoxy apparently displaced
the crude oil from the glass surfaces, resulting in a good bond

Scaling laws do not permt the results of bench scale experiments to be
extrapol ated to behavior that mi ght be expected in the raisebores or
Servi ce Shaft. The laws of simlitude require scaling of not only
geonetry, but forces as well. These include inertia, gravity, surface
tension, viscosity, and the exothermc reaction of the grout.

Therefore, the above lab scale test results only denobnstrate severa

i nportant properties of the material (e.g., floating, spreading

| eveling, hardening). The results do not prove that the epoxy will neet
the requirements in the raisebores or Service Shaft. To better define
large scale material behavior, the quarter scale test and pretests
results are needed.

3.2 Quarter Scale Pretests

3.2.1 Purpose of Pretests

In preparation for the quarter scale test, several different scales of
pours were made and instrumented to nmeasure thermal buildup. Also, the

11



relative anounts of different ingredients were experinmented with to test

the sensitivity of the mix and inprove its characteristics.

3.2.2 Pretest Procedures

O the many pretests perforned, only a few exanples are discussed here
to illustrate sone of the different undesirable results that one may
find as a result of altering the the fornulation. The scal e included
cup size up through 55 gal drum pours. The pours discussed here were on
crude oil, although others were not. The epoxy was exanined for
evidence of density gradients, excessive thermal buildup, gas
generation, and cracking. An undesirable reaction may exhibit density
gradi ents, non-honbgeneous expansion, cracking, etc. In general, these
undesirable features are lessened as the exotherm decreases. Therefore,
tenperature was neasured in nost of the pretests with the goal of
| owering the peak exotherm An uncontrolled reaction would tend to
produce high tenperatures or excessive ampunts of gas resulting in a
foam ng of the nmaterial. Uncontrolled or "runaway" reactions were not
observed in any of the tests.

3.2.3 Pretest Results

Each of the following tests involved a variation in the relative anmounts
of ingredients that goes into the basic formnul ation. The tests
illustrate different undesirable results, wth the exception of the
final pretest discussed. That formulation was used in the quarter scale
test.

Figure 3-13 shows two bucket scale pretests that exhibited a relatively
| arge anount of gassing as evidenced by the bubbled surface. Two
different fornul ations were tested. Both of the grouts were poured on
top of crude oil and the center tenperature of the grout was neasured.
The formulation of set 2 (on right) resulted in a higher peak
tenperature than set 1 (on left) and a slight bulging of the surface.
The standpi pe through each of the experinents is placed there to
elimnate oil pressure buildup due to thernal expansion during heating

in a confined area--a condition that cannot occur in the mne

12



Figure 3-14 shows a 55 gal drum pour on crude oil. Al t hough a | arge
amount of gassing was not evident, the high peak exotherm (307°F)
resulted in a boil on the surface. The tenperature of the crude oi
near the interface of the grout peaked at 103°F from an initial
tenperature of 78°F.

Figure 3-15 shows another 55 gal drum pour over oil using a different
epoxy grout fornulation. The peak exotherm (284°F) was |ower than the
above 55 gal drum pour. The peak oil tenperature increased fromits
initial tenperature of 83°F to 100°F. The material did not bulge at the

surface, however it cracked as evidenced in the picture

Figure 3-16 shows the final pretest perforned and therefore the
formulation used in the quarter scale test. The 2.5 ft square pour was
1 ft deep over crude oil. The peak exothermin the grout was neasured
at 264°F after 95 nmin. QI tenperature increased fromé9.4°F to 92.7°F.
No bul ging, cracking, or excessive gassing was noted and the exotherm
was significantly | ower from previous formulations (sone of which
reached as high as 350°F).

Figure 3-17 is a bar chart of the neasured peak tenperatures and tines
to peak for three different scales of pours of the fornmulation selected
for the quarter scale test--a 55 gal drum pour, the 2.5 ft square
pretest discussed above, and a small 7 in dia by 4 in deep pour. It
shoul d be noted that the tine to peak exotherm and the peak exotherm
reached will vary if the tenperature at the start of the reaction is
vari ed. A lack of sensitivity to test size is noted due to the high
thermal insulating properties of the grout. This helps explain why the
oil tenperatures in the above experinents renmained relatively low in
conparison to the grout tenperatures. Because the grout is a poor

conductor of heat, size effects are negligible.

3.3 Quarter Scal e Test

3.3.1 Purpose of Quarter Scale

The purpose of the quarter scale naterial characterization test was to

13



denonstrate the following characteristic at a | arge scal e: the ability
of the grout to float on crude oil, spread, and enconpass steel piping
over a 12 ft flow distance, not adversely react either chenmcally or

mechani cally, and harden within a few hours.

3.3.2 Quarter Scale Test Procedures

In order to denonstrate these qualities, a 3 ft wide by 12 ft long by

4 ft deep container with six 18 in dia steel pipes spaced at 2 ft was

fabri cat ed. Figure 3-18 shows a top and side view of the test
configuration. This configuration sinulates in full scale one row of
pipes in the Service Shaft (see Figure |-2). Thirty percent of the

total shaft area and 38 percent of the piping in the shaft is
represent ed. As currently planned, the grout would be introduced near
the center of the Service Shaft, thus requiring it to flow a nuch
shorter distance and surround fewer pipes along a given flow path than
that used in this nodel. The flow requirenents for the 6 ft dia
rai sebores (without pipes) are much less stringent than that required in

the quarter scale test.

As illustrated in Figure 3-18, the pipes were positioned 3 in from each
end, and the spacing varied 3, 6, and 9 in fromthe side wall of the
contai ner which was Lexon. The distances between the pipes and the wal

was varied because of the results of Bench Scale Test 3 (which showed
thinning of the epoxy layer in confined areas near the pipes). The
ot her sides and bottom of the container were nade of wood with a
fiberglass |ining. The container was initially filled with 12 in of
water and 18 in of crude oil from Weks Island. The water reduced the
anmount of crude oil needed and allowed a view on any precipitates from
the oil. The bottons of the pipes were perforated to prevent a buildup
of fluid pressure due to heating. A water control |ine extended down
into one of the pipes in order to maintain the initial fluid level if
necessary. This control was not needed as the epoxy did not bond before
its pour was conplete. A 12 in |layer of epoxy grout was dispensed over

a tine of approxinately 90 min into the oil.
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A | ow shear mixer and pneumatic powered piston punp was used to assure
consi stent batch characteristics. The epoxy flowed through a hose of

approxi mately 2 in diameter into the end of the container froma drop of

approximately 16 ft high. The flowrates fromthe punp and the exotherm
were measured during the test. Thernocouples were placed at 4 in and 8
ininto the top of the grout as well as 2 in and 9 in below the grout

into the oil. After testing, full section thickness sanples were taken
at the inlet, niddle, and nmaxi mum flow di stance. The cores were
sectioned and tested for density and glass transition tenperatures. The
glass transition tenperature defines a well known property of polyners
where the mechani cal behavior of the material changes. Bel ow the gl ass
transition tenperature the material is glassy or brittle; above it, the
epoxy grout behaves rubbery and therefore has a |ower nodulus. To
better sinulate shaft conditions, the test materials were approximately
80°F at the time of test. A therno-gravinetric test of the grout was
perforned to defined the tenperature at which it starts to deconpose or

bur n.

Because of the flanmable nature of crude oil vapors, adequate
ventilation was maintained and ignition sources were absent in the test
area. Ventilation controls included both primary and secondary systens.
The test container was capped with a glass, vapor proof |lid and vented
to the outside air. Ventilation over the entire test area was
mai ntained with a |arge fan exhausting to the outside. Di ki ng was
constructed around the test area as a safeguard agai nst accidental spil

and sand was available for spill control and cleanup. The test box had
multiple push-in plugs built for nozzling fire extinguishing chemcals
into the box. One 150 I b and four 50 | b chenmical fire extinguishers

were available for fire suppression.

Figures 3-19 and 3-20 show top and side views of the test prior to
punping in the grout. The diking and vertical grout line are shown as
well as the angled vent tube. Figure 3-21 shows an end view of the test

along with the mxing and punping equi prent.
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3.3.3 Quarter Scale Test Results

The test was perfornmed on April 4, 1991. A VHS videotape of the
experi ment was made (Gravning, 1991b). Approximately eight pours were
made over a 90 mn period to forma |layer of epoxy with an average
t hi ckness of 12 in.

Figure 3-22 shows a top view at the start of the initial pour. As seen
fromthe side, Figure 3-23 shows the grout surrounding the first few
pipes, A close up of the flow around the pipes is shown in Figure 3-24.

These pictures were taken approximately 5 min into the test.

Twenty-one mnutes after the pour was started, the entire surface area
was cover ed. Figure 3-25 shows the initial |ayer that was forned
After 1 hr the layer thickness averages approximately 11 in as shown in
Figure 3-26. The oil vortices in front of the pipes were caused by the
edges of the epoxy entrapping sone oil when surroundi ng the pipes.
Rather than mixing in with the oil, the epoxy displaced the crude oi
fromthe mx. As aresult, the vortices are only superficial. A close
up of a vortex is shown in Figure 3-27. A top view near the end of the
test is shown in Figure 3-28. The surface is snooth and |evel ed
Variations in thickness along the length of the pour are due to a

sl opi ng underside

Figure 3-29 shows the devel opnent of the epoxy layer at 20 min, 40 mn,
and 3.5 hrs after the start of the pour by plotting the location of the

top and bottom of the epoxy layer with respect to the bottom of the test

box. The Figure shows the tendency of the layer to | evel and becone
nmore uniform in thickness with tine. Figure 3-30 plots the end
t hi ckness of the epoxy layer with tine. The differences between end
t hi cknesses are also plotted. Inits final state, the difference in

t hi ckness was approximately 2.5 in over the 12 ft length with the top
surface having |evel ed. Al though not required, it is desirable that a

flat level surface exist for the pouring of the next |ayer.

Figure 3-31 plots the volume of the epoxy layer with tinme. The slight
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increases in volune after 90 min were mainly due to volumetric expansion
of the grout due to its internal heating as punping was conplete by that
time. Because the box confines the grout laterally, all expansion was
vertical. This expansion was also noted in a 55 gal drum pour. In that
test, the grout expanded approximately 10 percent in the vertica

direction. In contrast, after cooling the grout shrank to forma
hairline shrinkage crack between the container and the epoxy. In the
quarter scale experinent, a shrinkage crack approximately 1/16 to 1/8 in
wi de formed after cooldown of the epoxy which translates into |ess than
1 percent shrinkage. Low shrinkage and high expansion are both
desirable sealing characteristics.

Figure 3-32 shows the grout punp rate as estimated fromthe vol ume of
t he epoxy |ayer over tine. The punp was rated at 8 gal/min. Pump
rates varied considerably during the test--up to 12 gal/min. Although
not shown in the Figure, punping was tenporarily stopped at tines
waiting on mixing of the grout. This lag time could have been
elimnated by using a |arger capacity mixer or one that can handl e
change out tubs. Simlarly punp rates could be increased by using a
| arger punp. These options were not chosen for the experinent because
they do not denobnstrate worse case. By reducing the influx of grout,
the nonmentum associated with the grout (a contributing factor to
spreading) is reduced. Also, the overall cure state of the grout wll
be nmore mature (viscous) as it tries to flow around the piping

The exotherns as measured at 4 and 8 in fromthe top of the grout I|ayer
and 2 in into the oil near the grout interface are shown in Figure 3-33
The t hernmocoupl es were | ocated approxinately 6 ft fromeach end and 9 in
fromthe back (non-view) side on the test contained. The probes were
located slightly off center fromthe width to reduce the effects of any
heat sink caused by the steel pipes. The tenperature peaked at 278°F in
the epoxy and at 88°F in the oil. An addi tional tenperature probe
located at 9 in into the oil remained essentially unchanged during the
experi ment. The oil and grout tenperatures were not high relative to
those measured in the pretests, nor were any signs of excessive heat
observed such as surface bul ging or upheaval of the grout.
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Figures 3-34 and 3-35 shows front and back views of the epoxy |ayer two

days after the test with the test box renpved. Figure 3-36 shows a
single pipe after the epoxy l|layer was sectioned. These phot os
denonstrate leveling of the epoxy and bonding to steel. As a testinony

to the strength of the material and its bondi ng, heavy sl edgehanmers

were required to disintegrate and renove the epoxy surroundi ng the

pi pes.

Core sanples were renoved fromthe ends and middle of the epoxy |ayer,

then sectioned and tested for density gradient and glass transition
temperature (Rand and Montoya, 1991a). Figure 3-37 shows the density
gradi ent across the thickness of the epoxy layer for each core. Core 1
was |ocated at the grout inlet, Core 2 nmiddle of the layer, and Core 3
at the far end. The Figure shows that density tends to increase toward
the bottom of the layer and with distance from the grout inlet.

Variations within these trends are due to variability within the
different pours that were nade. The overall average density was
41.8 1b/ft3 with a range from38.9 to 44.9 1b/ft3. These densities are
significantly less than that of the oil (55 1lb/ft3). The trends
indicate that longer, thicker pours are |less desirable as maximm

density increases.

The glass transition tenperatures of the cores ranged from 50 to 75°F.
On average, the transition froma glassy to a rubbery state was defined
to onset at a tenperature of approxinmately 65°F, where the shear nodul us
decreased by approxi mately two orders of magnitude from 2 x 102 to 3 x
103 psi at a tenperature of approxi mately 200°F (Hance and Adol f, 1991).
Figure 3-38 plots the shear nodul us versus tenperature. Because the
tenmperature of the crude oil at Weks Island is expected to be
approxi mately 80°F, the grout once cooled to anmbient tenperature wll
exhibit a shear nodulus of approximately 7 x 104 psi. The mechani cal
behavi or of the grout is farther evaluated in the nmechanical tests
perforned in Chapter 4. The thernp-gravinetric analysis of the grout
(burn test) showed the onset of deconposition at 600°F. Thi s
information is needed to predict the integrity of the epoxy seal in the
event of an underground fire.
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Figure 3-1. Mxing of Gout for Bench Scale Tests.

Figure 3-2. Pouring of Gout into Cento for Bench Scale Tests.
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Figure 3-3. Experinental Setup
for Bench Scal e Tests.
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Figure 3-6. Results of Float / Precipitates Test (5 nin).

21



Figure 3-7. Results of Leveling Test (Top View at 5 nin).

Figure 3-8. Results of Leveling Test (Side View at 5 min).
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Figure 3-9. Results of Viscosity Test (Top View at 5 min).

Figure 3-10. Results of Viscosity Test (Side View at 5 min).
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Figure 3-11. Results of Bench Scale Tests (Top View at 90 min).

Figure 3-12. Results of Bench Scale Tests (Top View at 90 mn).



Figure 3-13. Bucket Scale Pre-Test Showi ng Gassing.

Figure 3-14. 55 Gal. Pre-Test
with H gh Exotharm




Figure 3-15. 55 Gal.Pre-Test Showing Cracking.

Figure 3-16. 2.5 x 2.5 ft. Pre-Test.
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Figure 3- 18. Test Configuration for Quarter Scale.
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Figure 3-19.  Top View of
Quarter Scale.




Figure 3-21. End View of Quarter Scale.

Figure 3-22. Top View of Quarter
Scale at Start of Pour.
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Figure 3-23. Side View of Quarter Scale at Start of Pour.

Figure 3-24. Close Up of Grout in Quarter Scale at Start of Poyr,
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Figure 3-25. Initial Grout Layer Formed in Quarter Scale.

Figure 3-26. Gout Layer in Quarter Scale 1 Hour After Pour.
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Close Upof 061 Vortex In Quarter Scale

Figure 3-28.  Top View of Quarter
Scal e at End Near End of Test.
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Figure 3-31. Volunme of Gout Layer in Quarter Scale.
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Figure 3-33. Exothernmic Hstory of Quarter Scale.

Figure 3-34.  Front View of Quarter Scale at Disassenbly.
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Fi gure 3-35. Rack View of Quarter Scale at D sassenbly.

Figure 3-36 Isolated Pipe in Quarter Scale at Disassenbly.
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4.0 MECHANICAL STRENGTH TESTS

The structural stability of a | ow density epoxy grout plug and its
ability to bond to the salt and pipes will primarily depend upon the
shear strength at the epoxy/salt and epoxy/steel interfaces and the
tensile strength of the naterial itself. These paraneters result from
treating the plug as a uniformy |oaded plate, bonded at its edges and
deformed in bending.

In order to characterize the strength paraneters, both bond and tension
tests were conducted. The cured age of the epoxy was varied (2 hrs, 6
hrs, and 24 hrs) as well as the interface conditions (crude oil wetted
vs. dry) for the bond test. The wetness of the salt shaft wall and
steel piping is unknown, but they may be coated with a film of crude
oil. The purpose, procedures, and results for the bond tests and the
tension tests are discussed in Sections 4.1 and 4.2, respectively.

4.1 Bond Strength to Salt and Steel

4.1.1 Purpose of Bond Tests

The purpose of the tests was to determine the mninmuminterfacial shear
strength of epoxy grout on steel and salt for both dry and wetted (crude
oil) interface conditions over tine.

4.1.2 Bond Test Procedures

Figure 4-1 shows the test configuration used to deternmine the mini mum
interface strength of epoxy grout bonded to salt and steel. A thin film
of epoxy grout was placed between the steel cylinder and salt block and
allowed to cure for a specified tine. For wetted interfaces, the stee
and salt were wiped with crude oil. The hollow cylinders with an inside
di ameter of 0.416 in and an outside dianeter of 0.5 in were rotated 3.6
deg/mn mn until the weakest interface or any of the material failed
Torque (in-1b) was neasured and then converted to shear strength (psi)
after nultiplying torque by 9.8.
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Table 4-1 shows the curing tinmes and interface conditions for the shear
tests. Two tests were performed for each test condition for a total of
12 shear tests.

Table 4-1
Test Matrix for Bond Strength Tests

Interface = = @ —----mmemoooo-o--- Curing Time ----------------
Condition 2 hrs 6 hrs 24 hrs
dry 2d-1% 6d-1 244d-1
2d-2 6d-2 24d-2
crude 2¢c-1 6c-1 24c-1
2¢-2 6c-2 24c-2
*designation indicates sanple age in hrs, interface condition (d=dry,

c=crude), and sanple nunmber (two for each test condition).

The salt blocks and steel cylinders were preheated and speci nens were
cured at a constant tenperature of 110°F. This tenperature is an
estimate of the average interfacial tenperature expected in the Weks
I sl and Service Shaft. In the shaft, the thermal history at the
interface will start at anbient (80°F), increase to a naxinmm

tenperature, and then cool to anbient.

For dry interface conditions the bottom surfaces of the steel cylinders
were lightly abraded using a sand paper and then wi ped with al cohol
The surfaces of the steel and salt block were blow dried using
pressurized air. The epoxy resin and curing agents were mixed in equa
parts by weight and the grout applied to bottom of cylinders. Only a
smal | ampbunt of grout was used to cover the cylinder bottons with none

all owed on the sides of cylinders. Thi ckness of epoxy filmwas as
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uni form as possible for all specinmens. The steel cylinders were rested
on the center of the salt blocks and cured for the specified tinmes to
testing.

The crude oil interface sanples were prepared as above, except the
bottom surface of steel cylinders and entire surfaces of the salt were
wi ped with crude oil prior to applying any grout.

4.1.3 Bond Test Results

Tabl e 4-2 shows the neasured shear strength (psi) of the sanples and
calcul ated averages for each sanple tested. Sanpl e identification
numbers are in parenthesis.

Tabl e 4-2
Bond Test Results (psi)

Interface  ---me---oomooon-- Curing Time ---------------
Condi tion 2 hrs 6 hrs 24 hrs

avg.
dry 988 (2d-1) 525 (6d-1) 1209 (24d-1) 907
596 (2d-2) 729 (6d4-2) 650 (24d-2) 658
crude 740 (2c¢-1) 1044 (6c-1) 751 (24c¢-1) 845
754 (2c¢-2) 1074 (6¢c-2) 353 (24c¢-2) 127
avg. 770 843 741 784

The limted nunber of sanples prevents a nore rigorous statistica

anal yses other than the averages conputed above. From the averages no
significant differences are noted. The reason for this is the sanples
did not fail along either the epoxy/salt or the epoxy/steel interfaces
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rather, the salt sheared. Therefore, the interfaces were stronger than
the shear strength of the salt itself and the values in Table 4-2
represent the shear strength of the salt. Vi sual inspection of the
sanpl es showed the epoxy to displace the crude oil fromthe salt. This
may help to explain why good bondi ng was achi eved even when both the

steel and salt were initially coated with crude oil

The salt and steel interfaces showed no signs of material
inconpatibilities, such as corrosion. It is expected that the epoxy
will inhibit pipe corrosion and thus benefit the oil w thdrawal system

4.2 Gout Strength and Modul us
4.2.1 Purpose of Strength Tests

The purpose of the testing was to deternmine stress-strain relationship
and ultimte strength in tension of the epoxy grout cured at various

times.
4.2.2 Strength Test Procedures

Figure 4-2 shows the test configuration used to determne the tensile
strength of the epoxy. The stress-strain profiles were obtained for
each test from the displacenents neasured by a linear variable
differential transfornmer (LVDT) placed across the failure plane. Using
the initial linear portion of the stress-strain data, the elastic
nmodul us of the material was cal cul at ed. The sanples were pulled in
tension at a crosshead speed of 0.05 in/mn and the load (Ib) recorded.
This value was converted to stress by dividing by the cross-sectiona

areas of the sanple (.102 in2).

Table 4-3 shows the curing times for the tension tests. Two tests were

performed for each test condition for a total of six tension tests.
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Table 4-3

Test Matrix for Tension Tests

Curinglime ----------—-u---
2 hrs 6 hrs 24 hrs
2-1% 6- | 24- |
2-2 6-2 24-2

*desi gnation indicates sanple age in hrs and sanple nunber (two for each
test condition).

Simlar to shear tests, the tension specinens were cured at 110°F. This
tenperature is intended to represent the average grout tenperature al ong
the lower surface of the epoxy plug. This location reflects the highest
tensile stresses that may be expected due to bending of the plug. The
mol d used to cast the sanples was preheated in each case. A graphite
based mol d rel ease conpound was used to ease specinmen renoval from the
mol d after curing

The specimens were cast into a dog bone shape and allowed to cure to the
times specified above in the test matrix.

4.2.3 Strength Test Results

Figure 4-3 shows the stress-strain profile of each sanple. The 2 hr
sanples showed a lower strength and nodulus than the 6 and 24 hr
sanples. No significant differences are noted in strength between the 6
and 24 hr sanples. This is probably true of nodulus as well, because
sanmple 24-1 was slightly warped which can explain its |ower nodulus
relative to sanple 24-2 and the 6 hr sanples. The preyield nodul us
(obtained fromlinear portion of curves) and ultinmate tensile strengths
are listed in Table 4-4.
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Table 4-4

Tension Test Results (psi)

———————————————— Curing Time ----------------

2 hrs 6 hrs 24 hrs
Sanple ID 2-1 6-1 24-1"
Strength 1620 2060 2160
Modul us 2.90 x 105 4.01 x 105 2.90 x 105
Sanple ID 2-2 6-2 24-2
Strength 1520 2160 2110
Modul us 1.17 x 105 3.90 x 105 3.65 x 105
avg. Strength 1570 2110 2135
avg. Modul us 2.04 x 105 3.96 x 105 3.65 x 105

*sanple slightly warped, nodulus value not used in conputing avg

The epoxy grout tested at its |lowest tensile strength and nmodulus at 2
hrs. This is expected as the strength and nodul us of epoxy increases
with tine. The decrease in nmodulus from6 to 24 hrs is nost likely an
artifact  of the testing. Statistical conparisons are neaningless
because of the small nunber of sanples used, therefore the results are
at best, approxinations of the true strengths of the grout. To neasure
any significant increases in strength or nodulus beyond 6 hrs, wll
probably require a nmuch longer cure tine than 24 hrs, perhaps on the

order of a week.
The strength of the epoxy targeted for use in the Service Shaft and

rai sebores nay vary considerably fromthe above results due to the

i ncreased exothermic reaction of a larger nass of epoxy nmass; however,
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because the neasured strengths are far above the 10 ps

Chapter 2), additional bond and strength testing was not
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Figure 4- 1. Bond Test Configuration.
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5. 0 CONCLUSI ONS

A low density epoxy grout was characterized using bench and |large scale
flow tests and nechanical tests. The material tested was Arnor Plate
Utra Low Density Epoxy Grout 1000 available fromWI-Cor, Inc., of
Pasadena, Texas.

The material is qualified for use in the Service Shaft and rai sebores at
the Weeks Island US Strategic Petrol eum Reserve, Louisiana, on the basis
of having denonstrated through testing the characteristics necessary to
neet the requirenents defined in Chapter 2. Conpl i ance with each
requirenent is discussed bel ow.

1. The grout was nixed, punped, and delivered down to an oi
surface without altering its characteristics. Thi s was
denonstrated in the quarter scale test which used a delivery
system typical to that which nay be used at Weks Island

2. The grout had a specific gravity less than 45 1b/ft3 and
floated on top of Weeks Island crude oil (55 1b/ft3). Density
gradi ents neasured throughout the quarter scale pour varied
from39 to slightly less than 45 1b/ft3,

3. The grout was not adversely affected by the crude oil. The
resin, filler or aggregate, or any other conponent of the grout
did not separate fromthe grout and sink into crude oil. Crude
oil did not destabilize the mix and cause any material to sink
into the crude oil. No adverse reactions with crude oil were
noted in any of the tests perforned.

4. The grout had a fluidity that allows it to spread across the
surface of the crude oil fromthe injection point and fl ow
around sinulated vertical pipes in the Service Shaft, self-
level, and conpletely cover the entire oil surface. The
quarter scale configuration sinmulated in full scale one row of
pipes in the Service Shaft. It represents the highest density
of piping and the maxi mum expected flow distance for the grout.
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The grout hardened within 24 hrs of the pour and was ready to
accept the next grout (low or high density) pour. The epoxy
layer in the quarter scale test had a hard |evel upper surface

The hardness of the grout was directly neasured as nmodulus in

the mechanical testing of the grout.

The grout devel oped a mnimum shear bond strength to salt and
steel well in excess of 10 psi 24 hrs after mixing for both
clean dry and oil coated interface conditions. M ni nrum bond
strengths were neasured as greater than the shear strength of
the salt itself (approximately 800 psi). The difficulty of
dismantling the quarter scale test was a testinony to its bond

strengt h.

The grout developed tensile strength well in excess of 10 ps
24 hr after m xing. Tensile strengths were tested at

approxi mately 2100 psi.

The grout did not shrink nore than 1.0 percent in a 24 hr
period or devel op any cracks. The grout in the quarter scale
experinment shrank only 0.2 percent over its length and no

cracks were evident.

The grout was formulated such that "runaway" or uncontrolled
reactions did not occur. Uncontrol l ed reacti ons were not
observed in any of the tests.

The grout did not cause tenperature of crude oil to exceed
150°F due to the heat released fromthe epoxy. Crude oil

tenperatures remmined below 100°F in npbst experinents.

The grout parts or packages had a shelf life of at |east two

weeks from date of manufacture.
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To help assure performance of the grout materials and its delivery
system at Weks Island, a construction specification is provided in the
attached Appendi x. The construction specification is an exanple that
reflects the recommendations of the author and it is not necessarily the
one that will be approved and issued for construction.

The specification reconmends that the rai sebores be done prior to the
Service Shaft--the nore critical application. It defines quality
control tests (Rand and Montoya, 1991b) to assure the |ow density grout
used downhole is the sane as that used in the qualification tests.
Finally, the specification defines a test that wll verify the

perneability of the |ow density epoxy grout plug before the non-buoyant
high density grout is poured.
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APPENDIX
EXAMPLE OF A CONSTRUCTI ON SPECI FI CATI ON
FOR LOW DENSI TY EPOXY GROUT
PART 1 - GENERAL
1. 01 DESCRI PTI ON
A Work Incl uded: Provide all |abor, tools, and nmterials
required to install a Low Density Epoxy Gout Plug in
Rai sebores No. 1 and No. 2, and subsequently in the Service
Shaft where shown on the Drawi ngs, as specified herein, and as

needed for a conplete and proper installation.

B. Related Wrk:
1.  Docunents affecting the work of this Section include, but
are not linmted to, other specifications related to

Rai sebores No. 1 and 2, Service Shaft, Hi gh Density Epoxy
Gout, and Inflatable Packers.

1. 02 REFERENCES
The latest published version of Codes, Specifications, and
Standards referred to by nunber or title shall formpart of this
specification. These publications are not furnished with the
Contract Docunents.
Anerican Concrete Institute (AC)
ACI 548.1R Quide for the Use of Polymers in Concrete
Anerican Society of Testing Material (ASTM

ASTM D638 Tensile Properties of Plastics

1. 03 DEFI NI TI ONS

A The Low Density Epoxy Gout as defined herein is a material

that will float on crude oil and that neets or exceeds the
physical characteristics and requirements identified in Part 2
"Materials". The light weight polymer material that will be

pl aced by the CONTRACTOR on the crude oil surface and will
provide support to and fully contain (prevent passage to oil)
the pour of non-buoyant H gh Density Epoxy Gout.

B. The High Density Epoxy G out as defined herein is a non-
buoyant material placed on top of the Low Density Epoxy G out
plug to provide structural and sealing properties in the
rai sebores and Service Shaft.
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1.04 SYSTEM DESCRI PTI ON

A The CONTRACTOR will supply and install a |low density plug as

shown on the Drawi ngs and as specified herein. The plug
material will be placed by CONTRACTOR on the crude oil
surface. This plug will serve as a platformto support and

contain the material used to formthe first overlying |ayer of
hi gh density epoxy grout.

B. The epoxy plug's function is to forman inpervious barrier to
t he passage, or |eakage, of a non-buoyant high density epoxy
grout pour placed on top of the low density plug. It shall
support the weight of the initial layer of high density epoxy
grout plug until the high density grout plug sets and devel ops
full strength.

1. 05 DELIVERY, STORAGE, AND HANDLI NG

The epoxy grout to be used in this project shall be delivered as a
prepackaged, nulti-part system These conponents shall be
delivered to the jobsite in original unopened packages, clearly
| abel ed, with each batch identified. The grout conponents shall
be stored at 70" 4 20°F in a dry environment. (Refer to Section
2.03.)

1.06 SUBM TTALS

A Subnmit all items in accordance with the requirenents of
Section 01300, "Subnmittals." The Contract Submittal
Requirenents Listing (CSRL) in Section 01300 is a summary of
all technical subnittals and contains the items |isted bel ow
The list in this Section takes precedence over the CSRL.

B. Submit the following to qualify the Iow density grout material
at time of bid. Qualification tests will be perfornmed at no
cost to the GOVERNMENT. A large scale qualification test
(Refer to Chapter 3.3 of this Report entitled "Quarter Scale
Test, specifically Sections 3.3.1 "Purpose" and 3.3.2
"Procedures"”) is required to denonstrate the ability of the
grout to: flow across a 12 ft long container of crude oil
with six 18 in dianeter steel pipes spaced at 2 ft intervals,
cover the entire surface area, self level, harden and bond to
the steel pipes resulting in a 1 ft thick layer of grout. The
| arge scale test nmust use a mxing, punping, and delivery
system typical of that proposed for use at Weks Island.

1. Gout Plug Material Specification and Safety Data Sheets.

2. Gout Physical, Thermal, and Chenical Properties for:
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a. Density of grout material.

b. Inertness to oil.

c. Spreading factor (refer to Attachment 4.01).

d. Peak exotherm and tine to peak tenperature.

e. Bond strength to salt and steel at 2 hr, 6 hr, and 24
hr cure for dry and crude wetted surfaces. (For
exanpl e of a Test, refer to Chapter 4.1 of this report
entitled "Bond Strength to Salt and Steel,”
specifically Sections 4.1.1 "Purpose" and 4.1.2 "Test
Procedures. ")

f. Tensile Strength, at 2 hr, 6 hr, and 24 hr cure. (For
exanmpl e of a Test Specification, refer to Chapter 4.2
of this report entitled "Gout Strength and Mdul us",
specifically Sections 4.2.1 "Purpose" and 4.2.2 "Test
Procedures. ")

g. Expansion during curing and shrinkage during cooling.

h. dass transition tenperature.

Fl ammabi ity or hazards of any materials used or by
products produced from the grout or its curing.

3. Large Scale Test Results Showi ng:
a. Conplete covering of oil surface.
h. Bonding to steel.

c. Density and variations across length and thickness of
pour .

d. Gowh and leveling of layer as it fornmed.

e. Gout and oil tenperature history.

f.  Shrinkage and/or cracking.

g. Oher information documenting its ability or inability

to satisfy the intent of the system as defined in
Section 1.04.

CONTRACTOR shall submit for approval a schedule of the grout
pours within 14 days of notice to proceed.
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PART 2 - VATERIALS

2.01 The nmaterial conponents and mx shall be specified by the
CONTRACTOR and approved by the GOVERNVENT.

2.02

The grout shall have the following characteristics and
requirenents:

A

The grout can be m xed, punped, and delivered down to the oil
surface without altering the characteristics which qualified
it for use (refer to Section 1.06).

The grout shall have a specific gravity that is |ess than
45 1b/ft3,

The grout shall not be affected by the crude oil. Resin,
filler or aggregate, or any other conponent of the grout shall
not separate fromthe grout and sink into the crude oil. The

crude oil shall not destabilize the mx and cause any material
to sink into the crude oil.

G out shall have a fluidity that allows it to spread across
the surface of the crude oil fromthe injection point(s) and
flow around all vertical pipes in the Service Shaft (refer to
Figure 1-2), self-level, and conpletely cover the entire oil
surf ace.

The grout shall harden within 24 hrs of the pour and be ready
to accept the next grout (low or high density) pour.

The grout shall develop a m ninum shear bond strength to salt
and steel of 10 psi 24 hrs after mixing for both clean dry and
oil coated interface conditions.

The grout shall develop a minimumtensile strength of 10 psi
24 hrs after the pour.

The grout material shall not shrink more than 1.0 percent in a
24 hr period or develop any cracks.

The maxi mum exotherm of the grout shall be controlled such
that "runaway" or uncontrolled reactions do not occur.

The tenperature of the crude oil due to heat released fromthe
epoxy shall not exceed 150°F.

The shelf |ife of the grout parts or packages shall be at
| east 2 weeks from date of nanufacture.



2. 03 PREMEASURED AND PREPACKAGED

The epoxy resin, hardener, and blended aggregates shall be
packaged and identified with a unique nunber or mark which
identifies the package and batch. Each individual container of
material shall be marked with at |east the follow ng information-
mat eri al specification nunmber, product designation, nanme of
manuf acturer, nmanufacturer's |ot nunmber, date of manufacture,
shelf life, and hazard warnings. A material safety data sheet
(MSDS) shall be included with each shipnent of grout conponents.

Each | ot shall consist of all materials necessary to forma batch
or pour of grout. Each batch shall be sanpled for Quality Contro
(refer to Section 3.04). The Quality Control neasures wll be
mat ched against the mnimum properties required in this
specification for acceptance.

PART 3 - EXECUTI ON

3. 01 CGENERAL

A Crude oil storage area and hydrocarbon vapors are isolated
fromthe access level of the mne by existing bul kheads,
fl anges, valves, and other seals. The CONTRACTOR wil |
mai ntain isolation as much as is practical as follows:

1. Al'though the space that will be occupied by the grout plug
is isolated fromthe oil storage cavern and hydrocarbon
vapors by the existing grout plug, there is the
possibility that hydrocarbon vapors nmay seep into this
space. The CONTRACTOR will therefore regard the grout
pl ug space as potentially containing hydrocarbon vapors.
CONTRACTOR wi | therefore mnimze openings between the
service level and the grout plug space.

2. The grout fill hole shall be capped and have a seal
between the grout fill pipe and the grout fill nozzle and
be open only for the minimumtime to insert or wthdraw
the grout fill pipe.

B. CONTRACTOR shall rmnonitor continuously the quality of air in
the rai sebores and Service Shaft Drift Areas. The nmonitoring
shall include but not be limted to hydrocarbon vapors and
m ni mum oxygen | evels.

C. The low density epoxy grout plugs in the raisebores shall be
conpleted prior to any pours made down Service Shaft.

3. 02 CONSTRUCTI ON

A, The previously neasured, packaged, and identified conmponents
will be matched for batch nunbers. The mat ched conponents
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shall be mixed in the mne and punped down a hose or Trem e
pipe on top of the oil to a depth of 12 in. The grout line
will be positioned near the center of the shaft or raisebores.
The tenperature of all grout materials shall be 80°F * 5°F

The end of the injection hose or treme pipe for placing the
grout shall be located not nmore than 2 ft above the level of
the oil, when pouring the first layer of grout. The end of
the injection hose or treme pipe shall be baffled to deflect
the grout into a horizontal direction so that it will float on
the oil and not plunge into the oil.

Sanpl es from the pour shall be taken for Quality Control. See
subsection 3.04 Field Quality Control

CONTRACTOR shall wait 24 hrs for the grout to set and
di ssipate the heat of the reaction and then pour another |ift
of 12 in as described above.

CONTRACTOR Wi I | wait 24 hrs after second pour and then perform
Plug Permeability Test as described in Attachment 4.02

If the perneability of plug is verified as acceptable, no
additional |ow density grout pours are required

Subsequent lifts, if required, shall be poured in 12 in lifts
with 24 hr wait periods.

The end of the injection hose or trem e pipe for pouring
subsequent |ayers of grout shall be located not nore than 2 ft
above the level of the previous |ayer of grout.

The injection hose or treme pipe shall be electrically
grounded.

During the pour, operations, and wait periods, the funes from
the setting epoxy shall be vented into the existing exhaust
ventilation system

If sanples taken from a pour fail to meet the minimumcriteria
of this specification, CONTRACTOR shall add a 12 in pour, at
no cost to the GOVERNMVENT for each lift that fails to neet the
required mninum specification.

3.03 QUALITY CONTROL, ASSURANCE, AND VERI FI CATI ON

A

The CONTRACTOR shall nmeasure density, exotherm history
including time to peak tenperature, and spreading factor for
each batch of grout before naterial is placed down hole. The
Quality Control tests may be perfornmed on site or at the
CONTRACTOR | ocati on. The results of the tests nust neet or
exceed the material requirenents to be certified for use.
(Refer to Attachment 4.01).
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B. Batches will then be clearly |labeled and marked as certified
for use and kept in a cool (70" #* 20°F), dry environment until
used.

C. Materials nmust be used no later than two weeks after
certifying. After two weeks, the materials shall be retested
to recertify the materials for another week. The two week
time constraint nay be extended if aging studies prove that
the material is stable (shelf life) for a longer period of
tine.

D. After mixing, but prior to enplacing grout in the nmne, a hand

specinen will be dropped into a container of Weks |sland
crude oil to visually check its ability to float, not
adversely react, and spread over the crude oil. This will be

done on a batch by batch basis.

E.  CONTRACTOR will test perneability of the grout plug after the
second 12 in layer and test each additional |ayer until the
| ow density plug is verified as adequate according to the
criteria and procedures in Attachment 4.02.

F. The CONTRACTOR shall provide docunments showi ng the beginning
and ending elevation of each grout |ayer.

G. | NSPECTI ON:
1. Hold Inspection Points:
a. Prior to positioning packer.
h. Prior to pouring grout.
c. Prior to packer release or renoval.
2.  Wtness Inspection Points:
a. Positioning of packer in pipe.
b. Quality Control tests,
c. Pouring of each batch of grout.
d. Each stage of the Perneability Test as defined in
Attachnent 4.02.
PART 4 - ATTACHMENTS
4,01 Quality Control Tests

4,02 Plug Perneability Test



Attachment 4.04 - Quality Control Tests

Each batch of materials shall be sanpled and tested per instructions
below. The Quality Control neasures will be matched agai nst the m nimm
properties required in this specification for acceptance. In addition,
to denonstrate that the materials sanpled for Quality Control are the
same as those used to qualify the grout (Large Scale Test) for use, the
Quality Control Test neasures nust fall within a specified range.

A Quality Control Tests

1. Density Determnation.

a. Thoroughly mx conponents A and B to form 1000 grans of
grout. Record start tine. Initial tenperature of all
materials shall be 80°F + 5°F.

b. Preweigh or tare graduated 1000 cc beaker.

c. Fill beaker to 900 cc level with grout.

d. Record weight of grout in beaker cc, (W).

e. Calculate and report density in lbs/ft3 as fol |l ows:

Density (lb/ft3) = (W / 900) x 62.4
2. Maxi num Exot herm Tenperature.

a. Position a thernmocouple in niddle of density sanple. Be

sure to mark thernbcouple wire to assist positioning it in

the grout.

h. Determine the tine and tenperature at the point of maximm
exot herm

c¢. Report nmaxi mum exothermtenperature and the tinme required to
reach maxi mum exot herm t enperature. The start tinme should
be the time when the mixing of the grout was started.

3. Reaction with Crude Q1.

a. Alnpst fill a 500 cc beaker or other suitable clean
container with Weks Island crude oil.

h. Measure oil tenperature. Before use it nust be 80.0°F %
5.0°F. Initial tenmperature of epoxy materials shall be
80°F + 5°F.

c. Preweigh or tare 500 cc beaker with oil and dispense
approxi mately 5.0 granms of grout. Record or calculate the
actual grout weight (W) in grans.
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d. Let grout cure on oil surface for at least 24 hrs. Do not
disturb the sanples until they have cured.

e. Remove cured grout sanples fromthe oil surface and inspect
edges and surfaces for any chenmical or nechanical
interactions with the crude oil.

f. Cean and record weight (W) of sanple.

g. Calculate and report change of sanple in percent where:

Wi ght Change (%) = [(W2 - W) / W] x 100
4. Spreading.

a. Dispense approximtely 20 grams of epoxy grout onto a flat

| evel sheet of release grade Myl ar, The initial grout and

anbi ent room tenperature nmust remain at 80.0°F * 5.0°Funtil
test is conpleted.

h. Let grout sanple cure on Mylar surface for at |east 24
hours. Do not disturb the sanples.

c. Weigh and record sanple weight (W.

d.  Measure nmaxi mum (Lygax) and mni num (Lyip) di nensions of the
sanple in inches. Figure A-1 illustrates the di mensions
needed.

e. Calculate and report the spreading factor as follows:

f. Spreading Factor = [(Lpin * Lmax) / W x 18.9

The spreading factor is a nmeasure of the ability of the grout to
laterally spread (avg. length) normalized with respect to weight
and is converted to units of ft/1b in the above equati on.

B. Quality Control Specifications

These specifications nust be devel oped by perfornming the above Quality
Control Tests on the sanme grout material that Qualified for use (refer
to Section 1.06). A low density grout developed and tested at WI - Cor,
Inc. of Pasadena, Texas, has qualified for use by neeting the
requirenents of this specification. The material is named Arnmor Plate
Utra Low Density Gout 1000. The specifications of this material are
listed bel ow

1. Wen tested the density shall be 42 + 3 1b/ft3.
2. Wen tested the maxi num exotherm shall be 198 + 22°F,

3. Wien tested the tinme to naxi mum exotherm shall be 80 * 20
m nut es.
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4,  \When tested the grout shall harden and float on crude oil wth
no observable chem cal or nechanical reaction with the crude
oil.

5. When tested the weight change shall be 2.0 * 3.0 percent.

6. When tested the spreading factor shall be 6.9 + 2.1 ft/1b.
If the material tested falls within the acceptable range of values for
the property being nmeasured, it may be used down-hole in the raisebores

or Service Shaft. O herwise, it shall not be used and shall be
di scarded at no cost to the GOVERNMENT.
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Figure A- 1. Measurements for Spreading Factor. Recommend Use of
Vernier Calipers to Measure L py and L paxe
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Attachment 4.02 - Plug Permeability Test

CONTRACTOR wi || verify ability of |ow density epoxy grout to retain high
density epoxy grout before it is poured. This test is inportant to
prevent the non-buoyant high density epoxy grout from bypassing the |ow
density epoxy grout plug and sinking into the sunp at the bottom of the
Service Shaft. The test shall be perfornmed after the second | ayer of
| ow density grout is placed and cured for 24 hrs, and after each
subsequent layer until the perneability of the plug is satisfactory.

Test shall be performed in the rai sebores and Service Shaft. The three
maj or steps of the test are illustrated in Figure A-2. The procedure is
as follows:

1. Alow grout layer to cure, harden, and cool for 24 hrs after
pour . Packer will be inflated in a slotted pipe during this
tine.

2. Using grout pipe or hose, punp a predeterm ned anount of brine
(eqgivalent to 2 ft deep) on top of the grout. The brine should
be punped onto the plug within 1 hour.

3. Measure and record the depth of the brine using a rod or plunb
l'ine. For mechani cal measurenents a dye may be added to the
bri ne. A low power DC electric circuit well line may al so be
used provided there is no potential for sparking

4, If initial measurement shows less than 1 ft of brine, plug is
assuned to have |eaked and therefore failed this test.

5. Allow brine to rest on plug for 1 hr. Then remeasure the depth
of the brine

6. If nore than half of the brine remains as determned fromthe
initial neasurement, test is successful. Oherwise, plug failed
test*,

7. Deflate the packer to drain any brine atop the plug. Then

reposition (if necessary) and reinflate packer to accept next
| ayer of grout.

8. |If test was successful, the next |ayer of grout can be high
density (non-buoyant) grout. Oherwi se the next |ayer shall be
| ow density (buoyant) grout.

* The criteria for failure is based on the intrinsic permeability of the
Pl ug- -a constant independent of fluid type. A typical brine has a
viscosity of 2 cps, whereas a dense epoxy grout typically exceeds
100, 000 cps. By definition, the hydraulic conductivity of brine is
50,000 tinmes that of dense epoxy. The loss of 1 ft of brine through the
plug translates into an expected |loss of 1/50,000 ft of epoxy in 1 hr
At later tinmes, the epoxy is expected to cure until hardened.

The criteria for failure nay be adjusted provided that the viscosity of
the high density grout is neasured. Because exotherm c heat and
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hardeni ng (cross-1linkage) are conpeting influences on viscosity with
time, the lowest viscosity may occur sonetine after mxing. The
viscosity used to set any criteria should be the mininum This requires
multiple tine-dependent neasurenents of the grout after nixing.
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DI STRI BUTI ON

Sandi a | nternal:

US DCE SPR PMO (8) 1425 M L. Blanford
900 Commerce Road East 1813 J. G Curro
New Ol eans, LA 70123 1813 P. B. Rand
Attn: E. E Chapple, PR 622 (2) 1813 0. J. Montoya
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J. C Kilroy, PR-631 3141 S. A Landenberger (5)
S. M Sevak, PR-631 3151 G C. Claycomb
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Attn: K. Wnn
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Jacobs Engineering Goup, Inc. (2)
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Attn: B. Luhn
J. Ornoni

WIl-Cor, Inc. (3)
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Pasadena, TX 77508
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